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1.Introduction
This report will describe the tests of biodiesel blends as a fuel in a Capstone oil fired microturbine (C30) with a nominal rating of 30 kW. The blends, in ASTM #2 heating oil, ranged from 0% to 100% biodiesel. No changes were made to the microturbine system for operation on the blends. Apart from the data that the control computer acquires on various turbine parameters, measurements were made in the hot gas exhaust from the turbine. The results from this performance testing and from the atomization tests reported previously [1] provide some insight into the use of biodiesel blends in microturbines of this type. The routine use of such blends would need more tests to establish that the life of the critical components of the microturbine are not diminished from what they are on the baseline diesel or heating fuel. Of course, the extension to 'widespread' use of such blends in generating systems based on the microturbine is also determined by economic and other considerations.
Experimental work
The Capstone microturbine is located just outside to the north of building 526 at Brookhaven National Laboratory. Figure 1 below is a picture of the turbine from the front. The turbine on the left of the picture is he oil fired system where these tests were conducted. The one on the right (in the back) is a gas fired 30 kW Capstone turbine. The fuel blends were made with biodiesel (according to the supplier, it was made from soy oil) to ASTM 6751 specifications. The heating oil is to ASTM #2 specifications and is from a tank that is used in research on home heating boilers and furnaces. The blends are made in volumetric ratios, that is, B20 is 20% by volume biodiesel and 80% by volume of heating oil, in small plastic carboys. The microturbine is usually started on neat heating oil, warmed up and then switched to operate on the blend under test. After the test on the blend, the fuel is switched back to the heating oil and the turbine run for enough time to ensure that the blend is not left over in any part of the fuel system. This was done because it was not known whether any of the parts in the fuel system with which the fuel came in contact, especially non-metallic parts such as seals, seats, and gaskets, were incompatible with biodiesel. It is known that some of the elastomeric material used for manufacturing such parts that are compatible with petroleum based fuels may not maintain their integrity for long periods of time in contact with biodiesel.
The fuel was supplied from inside the building through a volumetric flow meter. The fuel is required to be supplied at a minimum pressure of 3 psig at the inlet to the turbine fuel system and this is accomplished for the blends by means of an auxiliary pump. The turbine is started, controlled and monitored by a computer using Capstone's software. The exhaust measurements are made in the vertical stack, which can be just seen in figure 1 emerging from the top. A sampling system draws, through a sampling line inserted in the vertical stack, exhaust gas, which is fed to a chemi-luminescent NOx analyzer and an Infrared CO analyzer. The NOx analyzer is a Beckman model 955 and the CO analyzer is a Fuji Electric Type ZFU 21MY3. A Testo 350 portable analyzer is inserted into the stack for measurements of O2, CO, NOx, and SO2. Outdoor ambient and stack temperatures are measured by thermocouples. The NOx and CO meters are calibrated using calibration gases of known composition with NOx and CO in the measurement range. The TESTO 350 is calibrated at the factory. Figure 3 shows the NOx and CO instruments and also the fuel flow meter (ISTEC Corporation Type VZO 4USG) on the wall. The tests were run at a number of power settings from the maximum down to 10kW for each blend. The tests were spread over several days of actual testing and the test days occurred over a period of months. As the turbine is located outside the building and draws ambient air, the air temperature varied over the period of the tests. As is well known, a turbine's output is sensitive to ambient temperature and hence in some of the tests the maximum power output of ~30kW was not attained. The output was not limited by the blends up to B 100 in any way that could be discerned, that is to say, the engine fuel system and the operating parameters are capable of accommodating the changes in fuel parameters (heating value, viscosity etc.) from blending with biodiesel.
3.Results and Discussion
The results will be presented as emission measurements as a function of engine thermal input calculated from the fuel flow rate and the nominal higher heating value (HHV) for the specific blend being used or as a function of the power output as recorded by the Capstone monitoring system. It is believed that this will help in comparing the performance on the blends with that on the baseline heating fuel on a consistent basis. Figure 4 shows the sulfur dioxide (SO2) emitted at a number of power settings. The measured values are corrected to 15% Oxygen as is typical in reporting turbine emission data, from the measured concentrations in the stack. As is known, the effect of adding biodiesel to the blend is to lower the sulfur content of the fuel and therefore the consequent emission of sulfur dioxide. This is an obvious environmental benefit of blending biodiesel with high sulfur heating oil. However, in boiler applications, the practice is to present the emission values corrected to 3% oxygen. While these changes are merely algebraic, the data will be presented both ways to facilitate comparison. So, figure 5 presents the same data that is in figure 4 in this way. It should be noted that the SO2 emission concentration is fairly constant across the power levels as is to be expected. Typically, as fuel input and power output are reduced, the combustion temperature decreases, making it more difficult to oxidize the carbon monoxide produced in hydrocarbon combustion. Hence, it is of interest to see how the substitution of the biodiesel for the heating oil affects this. This is shown in figures 6 and 7 below, again corrected to 3% and 15% oxygen respectively. In this case, the 'corrected' CO levels in the stack are plotted against the fuel thermal input rate to the turbine, as it is a more direct indication of the combustion chamber temperature. As expected, the CO emission is higher at the lower input rates for the baseline fuel and the blends. However, it does seem that the performance with the biodiesel blends is significantly better, meaning lower CO emitted, certainly at these lower input rates, and slightly so at the higher thermal input rates. It is not clear as to what the exact reasons are for this.
The emission of Nitrogen Oxides (NOx) from combustion systems is of significant concern for a variety of reasons. In the use of biodiesel blends in diesel engines, this has been cause for some concern as it has been often observed that NOx tends to go up [1] . However, in small boilers generally, it has been observed that the addition of biodiesel to heating oil tends to lower the NOx emission [2] . The measurements of NOx emissions in our tests are reported in figures 8 and 9 below. As is well known, the production of NOx is a strong function of combustion chamber temperature and hence they are presented in these two figures as a function of the fuel thermal input rate. An interesting observation arises from these figures. At the high fuel thermal input rates or high power outputs, the NOx emitted seems to be about the same for the baseline fuel and the blends. However, as the power output is reduced, the NOx level is significantly lower with the increase of biodiesel in the blend and is lowest with 100% biodiesel. This is an interesting feature, while its significance in terms of turbine operation in practice is not clear. Overall, it does seem that the NOx emission does not increase with the use of this type of biodiesel blend in this microturbine at least. Figure 9. NOx Emission (corrected to 15% O2) Figure 10 below compares the calculated efficiencies using the fuel thermal input calculated from the nominal HHV for the blend and the flow rate and the power output reported by Capstone's monitoring software for all the blends tested. As indicated before, the tests were done on different days and hence different ambient temperature conditions. There are not any significant changes in efficiency. As part of the tests, it was considered important to see whether the turbine could be started directly with the blends. As noted before, for the performance tests the starting was done on the #2 heating oil. Hence, a 'cold' start was demonstrated successfully with B20 and a 'hot' start, that is a start soon after shut down, was demonstrated with B100. Caution was required as the part of the fuel system exposed to the ambient temperature outside the building could cause difficulties with B100 especially if cooled below the cloud point.
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Conclusions
The following conclusions can be made from the testing done here. It should be mentioned that the limited amount of testing done here restricts the applicability of these conclusions to the specific type of biodiesel (made from soy oil to ASTM D6751 specifications) used to make the blends with heating oil to ASTM #2 specifications.
1. The microturbine can be operated successfully on blends of biodiesel up to 100% or neat biodiesel. The differences in physical properties do not affect operation. "Cold' or 'warm' starts on all blends are possible. The efficiency of power generation is pretty much unchanged. 2. The benefits of near zero sulfur in the biodiesel manifests in lower sulfur oxide emissions corresponding to the amount of biodiesel in the blend. 3. The addition of biodiesel leads to lower carbon monoxide emissions. 4. The addition of biodiesel does not increase the NOx under high power conditions and lowers it significantly under low power conditions.
